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Edited by Ivan SadowskiAbstract The testis-determining gene SRY is not well-con-
served among mammals, particularly between mouse and other
mammals, both in terms of protein structure and of expression
regulation. To evaluate SRY phylogenic conservation in regards
to its function, we expressed the goat gene (gSRY) in XX trans-
genic mouse gonads. Here, we show that gSRY induces testis
formation, despite a goat expression proﬁle. Our results demon-
strate that sex-reversal can be induced in XX-mice by a non-
mouse SRY thus suggesting a conserved molecular mechanism
of action of this testis-determining gene across mammalian spe-
cies.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Transgenesis1. Introduction
In most mammals, testis determination is triggered by the
expression of the SRY/Sry gene that is localized on the Y chro-
mosome [1,2]. SRY/Sry has been proven to be the unique Y-
linked testis-determining gene in both humans and mice
through mutation studies and transgenic experiments [3,4]. In-
deed, mouse Sry induces testis formation of XX mice trans-
genic for a 14-kb fragment encompassing its transcription
unit [4]. Despite its master role in testis diﬀerentiation, SRY
is poorly conserved between mammalian species apart from
its DNA-binding HMG-box domain [5]. This is particularly
true between mice and other mammals. The mouse Sry protein
displays several speciﬁc structural features, such as a long C-
terminal part encompassing a glutamine-rich region and a N-
terminal part reduced to 2 amino-acids [6]. The mouse Sry
gene also displays some speciﬁc expressional characteristics
with a short two-day long peak of expression that reaches its
maximum level at 11.5 dpc [7,8]. According to these species-
speciﬁc diﬀerences, a 25-kb human genomic fragment contain-
ing SRY was found not to be suﬃcient to induce testis
diﬀerentiation in XX transgenic mice [4]. In order to have a*Corresponding author. Fax: +33 1 34 65 22 41.
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doi:10.1016/j.febslet.2006.05.060better understanding of this result, Robin Lovell-Badge re-
ported that he has engineered several hybrid transgene con-
structs between the human and the mouse genes [9]. In these
experiments, the open reading frame of the human SRY,
including its own stop codon, was inserted in the context of
the mouse Sry regulatory sequences (the above mentioned
14-kb genomic fragment). This chimeric construct was able
to induce sex-reversal of XX transgenic mice [9]. This result
suggested that the expressional proﬁle of Sry is more crucial
than the structure of the protein itself for testis-diﬀerentiation
in mouse. On another hand, Kidokoro and colleagues induced
sex-reversal in XX mice transgenic for a chimerical construct
expressing Sry under the transcriptional control of the
Hsp70.3 promoter [10]. Under these conditions, the Sry trans-
gene expression was found diﬀerent from that of the Sry
endogenous gene, but XX sex-reversal occurred [10].
To gain further insight the role of SRY/Sry across species,
we generated mouse transgenic lines for a 90-kb goat-fragment
encompassing the SRY gene (gSRY). Surprisingly, for two of
the six generated transgenic lines, all XX oﬀspring were found
sex-reversed despite the use of a non-rodent gSRY gene that
displays a goat-like expression proﬁle.2. Materials and methods
2.1. Creation of mouse lines transgenic for gSRY
The gSRY BAC was isolated from a goat (Capra hircus) BAC library
[11] screened by PCR using primers located in the speciﬁc N-terminal
region of the goat transcript (primers M13: 5 0-TGCCAGGAGG-
TATTGAGGGG-3 0 and M11: 5 0-CTGGCTGCTCTCCGTAACAT-
3 0; positions M13: 1714–1733 and M11: 1992–1973 on the Genbank
sequence D82963). The size of the insert was determined by ﬁeld-
inverted gel electrophoresis of Not1-digested DNA. SRY location
and orientation inside the 90-kb BAC genomic fragment was deter-
mined by long range PCR analyses using the above mentioned primers
and vector primers (Sp6 and T7) located on both sides of the insert
cloning site. The long range PCR was carried out by using the PfuUl-
tra High-Fidelity DNA Polymerase (Stratagene), following the man-
ufacturer’s instructions. Thirty ﬁve cycles (92 C-30 sec/55 C-30 sec/
68 C-30 min) were done. The diﬀerent bands obtained were visualized
onto a 0.6% agarose gel, transferred onto a nylon membrane (Hy-
bond-N+, Amersham Biosciences), and hybridized with an internal
gSRY probe located in the C-terminal part of the gene (position
2344–2552 on the Genbank sequence D82963). The BAC insert was
isolated as described [12], and micro-injected into the pronucleus of
B6D2F1 X FVB/N fertilized oocytes. Transgenic mice were identiﬁed
by PCR analysis of puriﬁed tail DNA using gSRY M11 and M13
primers.blished by Elsevier B.V. All rights reserved.
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Freshly dissected gonads were ﬁxed in 4% paraformaldehyde in PBS,
pH 9, for 24 h, dehydrated, embedded in paraﬃn and sectioned
at 5 lm. Sections were mounted and stained with hematoxylin and
eosin.
RNA extraction, DNase treatment, and cDNA synthesis were con-
ducted as previously described [13]. Brieﬂy, 2 ll (corresponding to
0.5 lg of reverse transcribed total RNA) of each RT mix was ampliﬁed
in 50 ll of PCR reaction using 0.5 U of Taq polymerase (TaKaRa),
200 lM of each dNTP, and 150 nM of each primer. Sequences of the
primers used for PCR analyses of mouse cDNAs were: for b-actin (b-
act1: 5 0-CATCCGTAAAGACCTCTATGCC-3 0; b-act2: 5 0-TGGAG-
CCACCGATCCACACAG-3 0; positions 945–966 and 1114–1094 on
the Genbank sequence AK145308, respectively), for Sox9 (Sox9-1: 5 0-
CATGAGTGAGGTGCACTCCC-30; Sox9-3: 5 0-GTAGGTGACC-
TGGCCGTGGG-3 0; positions 954–973and1248–1229on theGenbank
sequence NM_011448, respectively), for Sry (S1: 5 0-CAGCAGTT-
CCATGACCACCC-3 0; S2: 5 0-CATGAGACTGCCAACCACAG-30;
positions 4590–4609 and 4927–4908 on the Genbank sequence
AF070933, respectively). For PCR analyses of goat cDNAs,
primers used were M13 and M11 for the gSRY gene, and the
previously describedGAPDH(s) andGAPDH(as) for the goatGAPDH
gene [14].Human
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Fig. 1. Goat SRY-BAC characterization. (A) Long-range PCR analysis, with
reveals two bands into two diﬀerent conditions. Only the 9-kb M13/T7 band
an internal probe (B) and restriction length analyses (C). Indeed, an EcoRV
2492, respectively, on the gSRY sequence (Genbank D82963) These sites lie
these lengths were observed following the digestion of the M13/T7 band (ar
Scheme of the gSRY transgene and sequence conservation between the goa
(percentage in parenthesis) identities of the SRY open reading frames betwe
diﬀerent parts of the protein (N-term/HMGbox/C-term). SRY orientation is
and mouse were only signiﬁcant for the HMG-box (82% and 70%, respective
AF070933 for mouse (strain B6-YFVB) SRY.3. Results
3.1. Cloning and characterization of the goat SRY BAC clone
Polymerase chain reaction (PCR) screening of a previously
described goat BAC library [11] allows us to isolate one clone
encompassing the gSRY gene. The address for this gSRY BAC
in the goat library is 568E7. Field-inverted gel electrophoresis
of Not1-digested BAC 568E7 revealed an insert size of 90 kb.
Long-range PCR experiments followed by hybridization and
restriction-length analyses revealed that this BAC clone con-
tains 80 kb of gSRY 5 0-ﬂanking and 6 kb of 3 0-ﬂanking se-
quences (Fig. 1). SRY open reading frame comparison
between the goat, human and mouse sequences shows that
the goat protein is much more similar to its human counterpart
than to the mouse one (Fig. 1E). Indeed, no homology can be
found between the goat and the mouse proteins outside the
DNA-binding domain. Following NotI digestion, the BAC in-
sert was gel puriﬁed, as previously described [12], and micro-
injected into mouse eggs.gSRY 
46% (38%)
(240 aa)
(204 aa)
(231 aa)Glutamine-rich
M13
T7
Ec
oR
V
Hi
n
dI
II
M13 / T7
9 kb-band
gSRY-speciﬁc primers (M11, M13) and BAC-speciﬁc ones (T7, SP6),
(arrow in A) was shown to be speciﬁc of gSRY after hybridization with
site and a HindIII one are predicted at positions 3568–3573 and 2487–
at 1857 and 774 bp from the M13 primer and restriction fragments of
rows in C). DNA marker is the 1-kb ladder from Gibco-BRL. (D–E)
t, human and mouse genes. Nucleotide (ﬁrst percentage) and protein
en the goat and the human or mouse sequences are given for the three
indicated by the arrow. Nucleotide and protein identities between goat
ly). Genbank Accession Nos.: D82963 for goat, BC074924 for human,
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sex-reversal in XX animals
Six founder mice were obtained on B6D2F1 X FVB/N ge-
netic background for the 90-kb goat fragment, four XY
males, as assessed by mouse Zfy genotyping [4], (mice 13,
19, 28 and 41), one XX female (mouse 35), and one XX
sex-reversed infertile male (mouse 37). Except for the latter,
all four XY founders were fertile and transmitted the trans-
gene to their oﬀspring in backcrosses with FVB/N mice. All
XX transgenic animals from founders 19 (33/33) and 28
(17/17) were phenotypically male (Fig. 2A–F) and had nor-
mal mounting behavior. By contrast, no sex-reversal eﬀects
have been noticed on 19 and 15 XX transgenic animals from
founders 13 and 41, respectively. No analysis was carried out
on the XX founder 35, because this mouse died before pub-
erty. Moreover, founder 37 had a male external phenotype
with an oedematous scrotum, and a clear hermaphrodite
internal phenotype, female on the right side, male on the left
one (Fig. 2G–I). This hermaphrodite phenotype could result
from a diﬀerent percentage of gSRY positive supporting cells
between both gonads. Indeed, 90% of Sertoli cells were
found XY in testis of chimaeric XX/XY mouse fetal gonads
[15].Fig. 2. Phenotype of three transgenic animals at the adult stage. Animals tra
(B,E) phenotype, despite their sexual karyotype, XY (A–C) or XX (D–F). Te
compared to the XY one (C), which is a common feature of XX testes in mam
oedematous scrotum, but an hermaphrodite internal one (H). Ovarian histol
largest are cystic (I). Scale bars, 100 lm. Sub-legend of ﬁgure H: B, bladder
deferens; T, testis.3.3. In transgenic mice, gSRY is expressed from 11.5 dpc to
adulthood
The goat SRY gene expression proﬁle has been determined
at diﬀerent testicular developmental stages in goats. This gene
is expressed since the earliest studied stage (25 dpc) until adult-
hood (Fig. 3A). As mentioned above, regulation of the mouse
Sry gene transcriptional activity is characterized by a short
two-day peak of expression with a maximum level observed
at 11.5 dpc [2,8,16]. We thus assessed whether our goat trans-
gene behaved as a mouse or as a goat SRY gene. PCR analyses
demonstrated the continuous expression of gSRY in gonad
from 11.5 dpc to adulthood but also in kidney and heart of
XY and XX-sex-reversed transgenic animals (Fig. 3B and C).
One major hypothetical role of SRY/Sry is to induce SOX9/
Sox9 expression to a crucial male-threshold that is needed
for Sertoli cell diﬀerentiation [17,18]. Accordingly, in XX
transgenic mouse (line 19), Sox9 expression levels were similar
to those observed in XY fetuses, at all the developmental
stages studied (Fig. 3B).
3.4. Goat SRY is also expressed in XX transgenic females
We next assessed whether the lack of sex-reversal in some of
our transgenic lines was correlated with the absence of expres-nsgenic for gSRY (line 19) have the same external (A,D) and internal
sticular histology reveals the absence of germ cells in the XX testis (F)
mals. Founder 37 presents a normal male external genitalia (G) with an
ogy of this animal reveals numerous follicles of diﬀerent sizes, but the
; U, uterine horn; O, ovary; V, seminal vesicle; E, epididymis; D, vas
Fig. 3. (A) Developmental expression proﬁle of gSRY in male (XY) and female (XX) goat gonads. (B) Expression studies of gSRY (+), Sry and Sox9
during testis development in mice of line 19 of 3 diﬀerent genotypes. gSRY is continuously expressed from 11.5 days post-coı¨tum (dpc) to two days
post-partum (dpp) in the gonads of XY and XX transgenic animals (+) compared to XY non-transgenic control (). (C) Expression of gSRY is also
detected in kidney and heart of transgenic animals (+). (D) At 11.5 dpc, expression of gSRY is detected in the gonads of animals from lines 19 or 28
(in which all transgenic XX mice are sex-reversed), but also in those of line 41 (in which all transgenic XX mice are fertile females). Goat SRY was
ampliﬁed with primers M11 and M13. The goat GAPDH or mouse b-actin genes were used as internal controls. The number of PCR cycles done is
indicated in parenthesis.
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11.5 dpc gonads of fetuses derived from founder 41, indicating
that gSRY expression per se is not suﬃcient to induce sex-
reversal in this line (Fig. 3D).4. Discussion
4.1. Goat SRY induces XX sex-reversal in mouse
In this study, we demonstrate that a heterologous SRY gene,
with its own regulatory elements, can induce XX sex-reversal
in transgenic mice. Some previous experiments suggested that
the mouse speciﬁc Sry expression pattern is needed for heterol-
ogous SRY proteins to induce sex-reversal in transgenic mice[4,9]. However, Kidokoro and colleagues obtained XX sex-
reversal of mice into which Sry was placed under the transcrip-
tional regulation of the Hsp70.3 promoter [10]. In the present
report, we demonstrate that a gSRY transgene, poorly homol-
ogous to its mouse counterpart and continuously expressed in
the gonads from 11.5 dpc to adulthood, can result in the gen-
eration of XX sex-reversed mice. This implies that a heterolo-
gous SRY gene can trigger testis diﬀerentiation in mouse, even
if its expression does not ﬁt that of the endogenous gene. It
also demonstrates that the extinction of gSRY transcription
at 12.5 dpc is not required for proper testis diﬀerentiation.
Since XY transgenic males were normal and fully fertile, it
shows that a continuous gSRY testicular transcription does
not interfere with male fertility.
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The goat SRY expression proﬁle determined in this study
diﬀers from the mouse one but also from that described in
pig and more surprisingly from that described in sheep, a clo-
sely related species to goat. In sheep and pig, a decrease of
SRY expression was noticed between 10 days after the ﬁrst
expression of AMH and birth [19,20]. By contrast, gSRY
expression does not stop, nor dramatically decrease during tes-
tis development (Fig. 3A). Another intriguing point is that a
high level of gSRY expression can be found as early as 25
dpc (Fig. 3A). At this stage, the genital ridges just begin to
form in goat and the number of pre-Sertoli cells is certainly
very low in this tissue. It could reﬂect a non-gonadal gSRY
expression site, probably inside the mesonephroi.
An interesting feature reported on SRY regulation is the pres-
ence of a well-conserved SOX9 binding site in the promoter re-
gion of the pig SRY gene [21]. This site has been found
conserved in three mammalian species (pig, human and bovine),
but seems to be absent in mouse. Daneau and colleagues postu-
lated that this SOX9 binding site could be involved in a positive
feedback regulatory loopof SOX9on theSRYpromoter activity
in diﬀerent species but not in themouse one [21]. Indeed, this spe-
cies-speciﬁc diﬀerence could partially explain the diﬀerent SRY/
Sry expressionproﬁles observedbetweenmouse andothermam-
mals. Accordingly with this model, the goat SRY promoter pre-
sents this SOX9 binding site located at 128 bases upstream
from the initiator ATG codon (position 1680–1685 on the
Genbank sequence D82963) and the gSRY gene is expressed in
kidney and heart, two SOX9-expressing tissues [22,23].4.3. XX transgenic females also expressed gSRY
Analysis of our transgenic lines revealed that gSRY expres-
sion per se does not necessarily result in sex-reversal. A quite
similar situation has been noticed with the 25-kb human
SRY transgene [4]. This absence of sex-reversal eﬀect could re-
sult from an inappropriate level of SRY protein at a crucial
stage of testis development. This point was diﬃcult to assess
because (i) at the 11.5 dpc stage, the level of gSRY transcripts
was evaluated by semi-quantitative RT-PCR on genital ridges
and not on isolated gonads, and (ii) to date, no goat SRY spe-
ciﬁc antibodies is available to directly evaluate the protein le-
vel. In a near future, we intend to develop such a tool to
study in more details the levels of gSRY protein in goat and
in our transgenic mouse lines.4.4. Absence of SRY conservation outside the binding domain
Goat SRY protein displays no homology with its mouse
counterpart (strain B6-YFVB), outside the HMG-box that
shares an identity of 70% and 82% between both species at
the protein and nucleotide levels, respectively (Fig. 1D). It
was previously stated that Sry requires its glutamine repeated
region for inducing testis diﬀerentiation in mouse [7]. This do-
main has been proposed to be a transcriptional activator [24].
Our data clearly demonstrate that despite the lack of this do-
main, and despite the poor conservation of SRY between the
goat and the mouse species, gSRY can substitute to its mouse
counterpart for inducing testis diﬀerentiation. If a SRY-related
transcriptional activator domain is needed in mouse for trig-
gering testis diﬀerentiation, the gSRY must be able to mobilize
such an activator in the mouse. Indeed, it was recently demon-
strated that SRY/Sry interaction with SIP-1 was achieved bytwo diﬀerent protein domains in human and mouse [25]. Alter-
natively the glutamine-rich domain of the Sry mouse protein
could have another role. Accordingly, it was demonstrated
that the deletion of this domain dramatically decreases the sta-
bility of Sry (Francis Poulat, personal communication).
In conclusion, our results reinforce the idea that the mecha-
nism of action of SRY/Sry could have been more conserved
during evolution than ﬁrst suspected, possibly involving chro-
matin structural modiﬁcations as previously proposed [26,27].
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